The transmembrane adapter LAT (linker for activation of T cells) plays a central role in signalling by ITAM bearing receptors expressed on T cells, natural killer cells, mast cells and platelets. Receptor engagement leads to the phosphorylation of tyrosine residues present in the intracellular domain of LAT and formation of a multiprotein complex with other adapter molecules and enzymes including Grb2, Gads/SLP-76 and PLCg isoforms. These signalling events predominantly take place in glycolipid-enriched membrane domains. The constitutive presence of LAT in GEMs enables its function as the main scaolding protein for the organization of GEMlocalized signalling. The study of LAT-de®cient mice and LAT-de®cient cell lines further emphasizes the importance of LAT for these signalling cascades but also de®nes the existence of LAT-independent events downstream of the Syk-family kinase-ITAM complex. Oncogene (2001) 20, 6273 ± 6283.
Introduction
Signal transduction events following engagement of immune receptors or receptor tyrosine kinases are crucially dependent on the formation of multiprotein complexes. Adapter proteins play a key role in the organization of these complexes. Adapter proteins contain no intrinsic enzymatic activity but have speci®c domains, often multiple, for the binding of other proteins. Important domains for protein-protein interactions are Src homology 2 and 3 domains (SH2, SH3), which mediate the association with phosphorylated tyrosine residues and proline rich domains, respectively (Sudol, 1998) .
A subgroup of adapter proteins is membrane associated. These proteins form the backbone of signalling complexes at the membrane and are responsible for the recruitment of additional adapters and enzymes. Membrane associated adapters contain multiple tyrosine residues, which can be phosphorylated, thereby creating SH2 domain binding sites. The membrane anchor, which is usually in the amino terminus, can consist of a transmembrane region, fatty acid modi®cation or a pleckstrin homology (PH) domain, which mediates membrane association by binding to phosphatidylinositol phosphates. The primary function of these proteins is to redirect signalling proteins to the required location in the membrane rather than to directly arrange protein ± protein interactions, although these functions are closely associated. A number of families of these proteins have been identi®ed in several cell types within the past years. Proteins of the ®broblast growth factor receptor substrate family and insulin receptor substrate family link receptors for ®broblast growth factor and insulin to downstream signalling events (Schlessinger, 2000) . Several proteins expressed in lymphocytes meet the criteria of membrane associated adapter proteins such as members of the GAB and Dok family as well as phosphoprotein associated with glycosphingolipid-enriched microdomains (PAG)/Csk binding protein (Cbp), T cell receptor interacting molecule (TRIM) or SH2 domain-containing tyrosine phosphatase 2 interacting transmembrane adapter protein (SIT) and the Linker for Activation of T cells (LAT) (for protein structures see Tomlinson et al., 2000) .
Besides the importance of adapter proteins for the organization of signalling complexes, the involvement of higher membrane structures, the glycolipid-enriched membrane domains (GEMs; also known as membrane rafts and detergent-resistant membranes, DRMs), further emphasizes the critical role of dierential localization of signalling pathways. Within the last years, several studies have revealed overwhelming evidence for the importance of these membrane domains in signalling in several dierent cell types, but especially for cells of the haematopoietic system, most notably for T cells. GEMs are rich in glycosphingolipids, saturated phospholipids and cholesterol and are characterized by doubly acylated proteins and glycerophospholipid (GPI)-anchored proteins (London and Brown, 2000; Simons and Toomre, 2000) . Examples of the former include the transmembrane adapter molecules PAG/Cbp and LAT as well as the Src kinases, Fyn, Lyn and Lck (Brdicka et al., 2000; Kabouridis et al., 1997; Kawabuchi et al., 2000; van't Hof and Resh, 1999; Zhang et al., 1998b) . Recent investigations have shown that LAT is a key adapter allowing T cell antigen receptor (TCR) downstream signalling events to take place in GEMs, thereby enhancing the functional outcome of TCR activation (Zhang et al., 1998a,b) . Not only the structural criteria of LAT but also its functional characteristics impressively demonstrate the concept of transmembrane adapter proteins, functioning by redirection of signalling molecules to a specialized cellular environment.
Transmembrane adapter complexes implicated in T cell receptor signal cascades
Stimulation of the TCR with antigen-MHC complex or antibodies directed against TCR subunits results in the initiation of a complex intracellular signalling cascade. Major players of this cascade are protein kinases of four dierent families, namely Csk, Src, Syk and Tec. The orchestrated activation and redistribution of these molecules requires a structural organization, which is realized by a number of cytosolic and transmembrane adapter proteins as well as specialized membrane microdomains. So far, three important transmembrane protein complexes have been shown to be involved in this process, consisting of the TCR complex itself, the PAG/Cbp-Csk complex and a multiprotein complex built around LAT. Two further transmembrane adapters TRIM and SIT, have recently been shown to be implicated in the regulation of TCR signalling. While TRIM seems to be a part of the TCR complex and possesses binding sites for Grb2, p85 (regulatory subunit of phosphatidylinositol 3-kinase) and Src kinases, SIT has been shown to regulate inhibitory pathways through the SH2-domain containing tyrosine phosphatase SHP-2 (Marie-Cardine et al., 1999; Schraven et al., 1999) .
Proximal signalling events following TCR engagement are activation of Src kinases Lck and Fyn Yamasaki et al., 1996) . The activity of Src kinases is negatively regulated by Cskmediated phosphorylation of a carboxy-terminal regulatory tyrosine residue (Nada et al., 1991 (Nada et al., , 1993 . Colocalization of Csk and Src kinases is mediated by the recently identi®ed transmembrane adapter molecule PAG/Cbp (Brdicka et al., 2000; Kawabuchi et al., 2000) . PAG/Cbp is constitutively tyrosine phosphorylated and recruits Csk by binding of its SH2 domain ( Figure 1A ). Activation of T cells causes rapid dephosphorylation of PAG/Cbp and dissociation of Csk. This is believed to abolish the negative regulatory interaction of Csk with Src kinases ( Figure 1B ). Although the link between TCR activation and PAG/ Cbp dephosphorylation is not clear, this process facilitates the activation of Src kinases (Brdicka et al., 2000; Kawabuchi et al., 2000) .
Once activated, Src kinases Lck and Fyn phosphorylate immunoreceptor tyrosine-based activation motifs (ITAMs) present in the subunits of the TCR complex (Reth, 1989) . This leads to the creation of a signalling complex consisting of the TCR, Src-and Syk-family kinases. Phosphorylated ITAMs represent binding sites for tandem SH2 domains of Syk family kinases. ZAP- Figure 1 Signalling complexes in proximal TCR signalling. (a) Src kinases Lck and Fyn are responsible for the phosphorylation of the ITAM motifs within the TCR complex. The resting state of the T cell is manifested by the inactivation of Src kinases as well as by a separate localization of Src kinases and TCR complex. Inactivation of Src kinases is mediated by Csk, which phosphorylates a negative regulatory tyrosine residue. While Lck and Fyn are constitutively associated with GEMs, Csk is recruited to GEMs by the adapter PAG/Cbp in a phosphorylation dependent manner and the TCR complex is not present in GEMs under resting conditions. (b) Engagement of the TCR leads to a recruitment of the TCR complex to GEMs and dephosphorylation of PAG/Cbp. The mechanism, which links TCR engagement to PAG/Cbp dephosphorylation, is not known. PAG/Cbp dephosphorylation leads to a separation of Csk from GEMs and abolishes the negative regulatory action of the kinase. Activation of Lck and Fyn leads to phosphorylation of ITAM motifs within the TCR complex and recruitment/activation of the Syk-family tyrosine kinase ZAP-70. (c) ZAP-70 subsequently phosphorylates the adapter LAT that is also constitutively present in GEMs. Phosphorylation of LAT tyrosine residues creates binding sites for SH2 domain containing proteins, including Grb2, Gads and PLCg1. This leads to the formation of multiprotein complex around LAT and the activation of downstream signalling events (see Figure 2) . Abbreviations: Csk, lc-Src tyrosine kinase; Fyn, proto-oncogene tyrosine-protein kinase Fyn; Gads, Grb2-related adapter downstream of Shc; GEM, glycolipid-enriched membrane domain; Grb2, growth factor receptor-bound protein 2; LAT, linker for activation of T cells; Lck, lymphocyte-speci®c protein tyrosine kinase; PAG/Cbp, phosphoprotein associated with GEMs/Csk binding protein; PLC, phospholipase C; SH2/SH3, Rous sarcoma oncogene (Src) homology domain 2/3; TCR, T cell antigen receptor; ZAP-70, zeta-chain (TCR) associated protein kinase of 70 kDa 70, the principal Syk-family kinase expressed in T cells, binds to the phosphorylated TCRz and CD3 chains and becomes activated by Lck or Fyn (Figure 1b ) (Kane et al., 2000) . T cells also express Syk, although its function is of uncertain signi®cance (Chan et al., 1994) . Both, Src-family kinases and ZAP-70 are responsible for activation of downstream signalling events including phosphorylation/activation of PLCg1, SLP-76, Vav and Ras (Dustin and Chan, 2000) . These are crucial mediators for Ca 2+ mobilization, activation of the mitogen activated protein kinase (MAPK) pathway and rearrangement of the cytoskeleton and therefore responsible for proliferation, dierentiation and functionality of T cells (Figure 2 ). Despite this variety of signals, the transmembrane adapter LAT is recognized to play a central role in linking TCRmediated activation of Lck, Fyn and ZAP-70 at the membrane to the stimulation of the vast majority of downstream events.
Isolation of LAT
Interestingly, many important features of LAT were known long before its cloning. Investigation of a 36/ 38 kDa protein in T cells, named Linker for Activation of T cells (LAT) after its cloning, began in the early nineties (June et al., 1990) . Because of the strong inducible tyrosine phosphorylation of p36/38 following TCR activation it has been the main emphasis of many studies. It was recognized relatively early on that inducible tyrosine phosphorylation of p36/38 causes association with other key signalling molecules including PLCg1 (Gilliland et al., 1992; Sieh et al., 1994) , Grb2 (Buday et al., 1994; Sieh et al., 1994) , the p85 subunit of phosphoinositide 3-kinase (PI 3-kinase) (Fukazawa et al., 1995) , SLP-76 (Motto et al., 1996b) and the Grb2-related adapter protein Grap (Trub et al., 1997) . Furthermore, the realization that p36/p38 was membrane anchored placed it in the correct location to link TCR activation to the recruitment and activation of PLCg1 (Buday et al., 1994) . More importantly, dephosphorylation of p36/38 correlated with inhibition of Ca 2+ mobilization and inositol phosphate production following TCR ligation (Motto et al., 1996a) . Similar results have been achieved with natural killer (NK) cells. Upon activation of FcgRIII (CD16) in NK cells p36/38 protein became tyrosine phosphorylated and associated with PLCg1 and Grb2 (Galandrini et al., 1996; Valiante et al., 1996) . Also activation of platelets by FcgRIIA cross linking or collagen stimulation caused phosphorylation of a 38 kDa protein. This protein was present in the particulate fraction and associated with Grb2, SLP-76 and PLCg2 following phosphorylation (Robinson et al., 1996) . However, despite the considerable interest in p36/38, the puri®cation, cloning and characterization of the protein was not achieved until 1998 (Weber et al., 1998; Zhang et al., 1998a) . The low expression of the protein and its localization to GEMs is likely to have contributed to this delay.
The structural data obtained from the cloned sequence con®rmed many of the predicted characteristics. The 233 amino acid polypeptide is a type III transmembrane protein with a short extracellular domain (four amino acids), one membrane spanning domain and a long cytosolic sequence. In Jurkat T cells, it is expressed as two forms with apparent molecular weights of 36 and 38 kDa in SDS ± PAGE. The two observed forms of LAT do not seem to be products of alternate splicing but are likely produced by alternate posttranslational modi®cations. The discrepancy between molecular weight determined in SDS ± PAGE and from the amino acid sequence Figure 2 LAT-mediated downstream signalling events. Phosphorylation of LAT leads to the recruitment of the adapter molecule Grb2 and Gads and phospholipase Cg1. Gads is constitutively associated with SLP-76 and therefore recruits a further adapter to the complex. Tyrosine phosphorylation of SLP-76 leads to its association with Nck, an adapter for the serine/ threonine kinase PAK, and Vav, an activator of the small GTPase Rac. These events are critical in the regulation of actin polymerization and cap formation in T cells. Recruitment of Grb2 associated Sos to the LAT complex will give rise to the activation of the Ras-Raf-MAPK pathway, resulting in transcriptional activity of AP-1. Association of PLCg1 with LAT supports the phosphorylation and GEM recruitment of the lipase. Thus, it brings the active phospholipase in vicinity to its substrate, phosphatidylinositol (4,5)-bisphosphate (PI4,5P 2 ). Hydrolysis of PI4,5P 2 by PLCg1 leads to the formation of the second messengers Ins1,4,5P 3 and 1,2 diacylglycerol and subsequently to Ca 2+ mobilization as well as PKC activation. All three pathways are closely connected to each other at several levels and contribute to the stimulation of transcriptional activity of NF-AT, AP-1 and NF-kB resulting in IL-2 gene transcription. Abbreviations: AP-1, transcription activator protein 1; DAG, diacylglycerol; Gads, Grb2-related adapter downstream of Shc; Grb2, growth factor receptor-bound protein 2; IL-2, interleukin 2; Ins1,4,5P 3 , inositol(1,4,5)-trisphosphate; LAT, linker for activation of T cells; Nck, non-catalytic region of tyrosine kinase; NF-AT, nuclear factor of activated T cells; NF-kB, nuclear factor kB; PAK, p21-activated kinase; PKC, protein kinase C; PLC, phospholipase C; SLP-76, SH2 domain-containing leukocyte protein of 76 kDa; Sos, son of sevenless; Vav, Vav oncogene (calculated as *25 kDa) is likely to be due to the high number of negatively charged amino acids (Zhang et al., 1998a) . An important feature is the presence two conserved cysteine residues, which lie just outside the transmembrane spanning domain. Later studies have shown that these are sites of lipid acylation and that this plays a critical role in LAT targeting and signalling (Lin et al., 1999; Zhang et al., 1998b) . The most striking feature of the cytoplasmic tail are the nine tyrosine residues, which are conserved in human and mouse and form the basis for its function as an adapter molecule.
Consequences of LAT de®ciency for T cell signalling
Investigations with LAT 7/7 mice have provided limited information on LAT function in TCR signalling because of the failure of these mice to develop mature T cells. Thymocyte development is arrested in an early CD4
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/CD8
7 stage, indicating the requirement of LAT for signalling of the pre-TCR (Zhang et al., 1999b) . However, the isolation of a LAT-de®cient Jurkat cell line allowed functional investigations of TCR signalling within this background. These cells showed a strong impairment of TCR-induced activation of the PLCg1-calcineurin-NF-AT pathway as well as the Ras-MAPK-AP-1 pathway (Finco et al., 1998; Zhang et al., 1999a) . Furthermore, it could be shown that LAT is required for TCR-induced spreading and rearrangement of the actin cytoskeleton (Bunnell et al., 2001) . Consequently, a whole spectrum of TCR-induced downstream signalling events was attenuated or lost, including phosphorylation of PLCg1, SLP-76 and Vav, Ca 2+ mobilization, activation of MAPK as well as AP-1-and NF-AT-mediated IL-2 gene expression. It is important to note, that signalling events upstream of LAT, phosphorylation of the TCRz chain and ZAP-70, was not altered in these cells (Finco et al., 1998; Zhang et al., 1999a) . These cells have therefore been used to investigate the functionality of LAT-independent signalling events by the TCR. A recent study has been shown that TCR engagement leads to a LATindependent activation of PAK1, a serine kinase involved in the regulation of the actin cytoskeleton (Ku et al., 2001) .
Adapters wanted
Many lines of evidence suggest that the variety of TCR-regulated downstream events are mediated by a macromolecular signalling complex, in which LAT is the backbone and responsible for its membrane localization. Interaction of LAT with other signalling molecules is dependent on its tyrosine phosphorylation. This seems to be predominantly mediated by phosphotyrosine kinases of the Syk-family, thus by ZAP-70 and Syk (Zhang et al., 1998a) . However, tyrosine phosphorylation of LAT only promotes its interaction with a limited number of SH2 domains containing proteins.
To overcome this structural simplicity, LAT directly interacts with many cytosolic adapters rather than with enzymes. Thus, aside from the direct interaction with PLCg isoforms, the majority of interactions between LAT and downstream signalling molecules are indirect and mediated by the recruitment of two adapter molecules Grb2 and Gads ( Figure 1C, see below) .
A number of additional LAT-associated proteins have been described which seem to be associated with LAT independently of Grb2 or Gads. These include Grap (Grb2 related adapter protein), Shb (Src homology 2 domain containing transforming protein B) and 3BP2 (SH3 domain binding protein 2), although the functional relevance of these interactions are only poorly understood. Grap is a Grb2 homologue and might play a similar role to Grb2 in LAT signalling, including recruitment of Sos (Feng et al., 1996) . The SH2 domain containing adapter 3BP2 associates with LAT, Cbl (Casitas B lineage lymphoma protein), ZAP-70, Grb2, PLCg1 and Syk. The observed transcriptional activation of the IL-2 promoter after 3BP2 over-expression suggests an involvement of this adapter molecule in TCR signalling (Deckert et al., 1998) . A critical interaction could be mediated by Shb, an adapter consisting of proline rich motifs, a central phosphotyrosine binding domain (PTB) and a SH2 domain. The SH2 domain has been found to bind phosphorylated TCRz chain, while the PTB domain can associate with LAT, possibly providing an important link for early TCR signalling events (Welsh et al., 1998) . Furthermore, Shb has been shown to associate with PLCg1 and Grb2, suggesting a stabilizing function of the adapter for the association of PLCg1 and Grb2 with LAT (Lindholm et al., 1999) . Consistent with this idea, over-expression of Shb causes an increase in basal tyrosine phosphorylation of LAT, while over-expression of an SH2 domain defective form of Shb inhibits LAT and PLCg1 phosphorylation (Lindholm et al., 1999; Welsh et al., 1998) . Also, the association of LAT with TCR coreceptors CD4 and CD8 has been suggested to enhance phosphorylation of LAT. Thereby, MHCinduced co-engagement of TCR with CD4/CD8 could facilitate the interaction of LAT with the TCR/Lck/ ZAP-70 complex. Because the association of LAT with CD4/CD8 is independent of LAT phosphorylation, this mechanism might explain the recruitment of unphosphorylated LAT to the vicinity of ZAP-70 (Bosselut et al., 1999) .
Grb2 dependent LAT signalling
The cytosolic domain of LAT contains 10 tyrosine residues of which nine are conserved between the human and murine LAT proteins (Zhang et al., 1998a) . Three tyrosine residues are within sequences recognized as potential binding sites for Grb2 SH2 domains (YXNX, tyrosines 171, 191, 226) . Generation of LAT tyrosine to phenylalanine mutants of individual tyrosines or combinations thereof and expression of these mutants in LAT-de®cient cell lines allowed the investigation of binding properties of these sequences in vitro .
Single mutation of the tyrosines within the predicted three Grb2 binding sequences (positions 171, 191 and 226) has no aect on Grb2-LAT interaction whereas mutation of all three potential Grb2 binding sites abolished the presence of Grb2 in LAT immunoprecipitates. This suggests the presence of multiple redundant binding sites for Grb2 . The interaction of Grb2 with LAT seems to be responsible for recruitment of Sos, the Tec-family kinase Itk and possibly the p85 regulatory subunit of PI 3-kinase to the complex. Sos, Itk and p85 have been shown to associate with SH3 domains of Grb2 and are present in LAT immunoprecipitates (Bunnell et al., 2000; Zhang et al., 1998a) . The recruitment of Sos will give rise to activation of the Ras-Raf-MAPK cascade, ®nally resulting in transcriptional activity of AP-1 (Figure 2) . Accordingly, expression of the LAT construct de®cient in the Grb2 binding sites (Tyr171, 191, 226Phe) could not promote MAPK activation in LAT-de®cient cells, while the wild type LAT was able to rescue this signalling pathway . However, it is important to note that this LAT construct is also unable to recruit the Gads/Slp-76 complex. PI 3-kinase activation in concert with the action of 5'lipid 5-phosphatases leads to the production of the lipid messengers PI3,4,5P 3 and PI4,5P 2 and subsequent targeting of PH domain containing proteins to the cell membrane. Among others, this will facilitate recruitment of PLCg1 and the Tec-family kinase Itk to the complex. Itk has been implicated in the regulation of PLCg1 and its association with the LAT complex seems to be further supported by Grb2 and SLP-76 (Bunnell et al., 2000) .
Another molecule, which has been found in LAT immunocomplexes, is Cbl and this interaction is also likely to be mediated by Grb2 (Lupher et al., 1998; Zhang et al., 1998a) . Cbl has been shown to possess a negative regulatory function by its role as facilitator of ubiquitination and activator of pathways, which interfere with TCR-induced MAPK activation (Boussiotis et al., 1997; Joazeiro et al., 1999) . Although the exact molecular connection between Cbl and LAT is not understood, LAT seems to be involved in the inhibition of Cbl phosphorylation (Finco et al., 1998) and thereby disruption of the Cbl-mediated inhibitory pathways.
Interaction of LAT with PLCg1
Among the tyrosine residues of LAT, tyrosine 132 sits within the predicted binding sequence for the SH2 domains of PLCg1 (YLVV). Indeed, mutation of Tyr132 has a major in¯uence of LAT-PLCg1 association. The Tyr132Phe LAT construct is unable to bind PLCg1, while the association with Grb2 and Gads is preserved. Furthermore, Tyr132 is also required for PLCg1 phosphorylation (Zhang et al., 2000) . The binding between PLCg1 and LAT seems to be mainly mediated by the amino-terminal SH2 domain of PLCg1 (reviewed in Wilde and Watson, 2001) . Mutation of this binding domain abrogated LAT-PLCg1 association and resulted in defective tyrosine phosphorylation following TCR engagement, while mutation of the carboxy-terminal SH2 domain had no eect on these functions (Stoica et al., 1998) .
The LAT-Gads-SLP-76 signalling complex Recent data have suggested that the function of LAT as a signalling and adapter molecule is inseparably associated with the Gads-SLP-76 adapter complex. This is highlighted by the observation of similar phenotypes of SLP-76-and LAT-de®cient T cells, which are characterized by inhibition of PLCg1 phosphorylation, Ca 2+ mobilization, MAPK activation and IL-2 expression. Similar to LAT-de®cient mice, SLP-76 knockouts show an early block of T cell development at the CD4
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7 stage (Clements et al., 1998; Pivniouk et al., 1998; Pivniouk and Geha, 2000; Zhang et al., 1999b) . The LAT-SLP-76 interaction is bridged by the Grb2 homologue adapter Gads (Asada et al., 1999; Law et al., 1999; Liu et al., 1999) . Although three separate proteins, these molecules function as a whole in LAT signalling, and if physically combined, domains of each protein become dispensable (Boerth et al., 2000) . In contrast to mice de®cient in LAT and SLP-76, however, Gads-de®cient mice express a reduced number of T cells, which might re¯ect a limited degree of signalling through the TCR during development. This is supported by a signi®cant level of tyrosine phosphorylation of SLP-76 in response to activation of TCR in Gads-de®cient T cells (Yoder et al., 2001) . Other adapter proteins such as Grap or Grb2 might substitute for the absence of Gads or alternatively the association of LAT and SLP-76 with PLCg may still be able to form, albeit in a less than optimal way. The role of Gads in immune receptor signalling is discussed further in the chapter by McGlade.
The similarity between Gads and Grb2 suggests similar binding properties to LAT tyrosine sequences. Indeed, tyrosines 171 and 191 represent overlapping binding sites for both molecules. However, mutation of these two binding sites alone abolishes Gads association with LAT, while a residual Grb2 binding is still preserved. This indicates that Tyr226 is not a target sequence for the Gads SH2 domain. These binding characteristics correspond with the presence of SLP-76 in LAT immunoprecipitates, and the role of Gads as mediator of SLP-76 ± LAT interaction . Within the LAT complex, SLP-76 seems to serve as a key scaolding protein mediating and/or stabilizing decisive protein ± protein interactions. Besides its permanent association with Gads, tyrosine phosphorylation of SLP-76 by ZAP-70 leads to recruitment of Vav (guanine nucleotide exchange factor for Rac/Rho), Nck (adapter for the serine/threonine kinase PAK) and Itk (Bubeck Wardenburg et al., 1998; Bunnell et al., 2000) .
Besides the aforementioned LAT-independent PAK activation (Ku et al., 2001) , the assembly of the VavNck complex by SLP-76 has been proposed to contribute to activation of PAK and the regulation of the actin cytoskeleton and cap formation (Bubeck Wardenburg et al., 1998) . Furthermore, PAK also seems to be involved in the TCR-mediated MAPK and NF-AT activation (Yablonski et al., 1998a) . The recruitment of Itk by SLP-76 is implicated in the activation of PLCg1 (Bunnell et al., 2000) . Taking these functions together, SLP-76 indeed seems to be involved in the regulation of all major LAT-dependent pathways in T cells (for a more comprehensive discussion of SLP-76, see review by Koretzky in this issue).
Although PLCg1, Grb2 and SLP-76 (via Gads) can directly bind to LAT, the functions of these three molecules are dependent on each other. First of all the ternary complex around SLP-76 in¯uences both, activation of PLCg and MAPK. Although LAT is still phosphorylated and can bind Grb2 and PLCg1 in SLP-76 de®cient cells, this partial LAT complex fails to support PLCg1 phosphorylation, whilst MAPK activation is substantially reduced (Yablonski et al., 1998b) . This shows that the SLP-76 complex is either necessary for optimal activation of LAT-Grb2-MAPK pathway or that the LAT-dependent, SLP-76-independent MAPK regulation is of minor importance. The ablated PLCg1 phosphorylation could be caused by the inhibition of recruitment of Itk or another kinase to the vicinity of the phospholipase.
Interestingly, mutation of the Grb2/Gads binding sites also in¯uenced association of PLCg1 with LAT. Mutation of 171, 191, 226 which prevents Grb2/Gads binding also abolishes PLCg1 association although these are not predicted binding sites for PLCg1 SH2 domains . This indicates that a stable PLCg1-LAT association requires additional interactions, possibly mediated by direct binding of the second SH2 domain of PLCg1 or indirectly by other adapters in the signalling complex through the function of a signalosome. It might be that the interaction between several adapters and PLCg1 is required for optimal activation.
On the other hand, the requirement of LAT-PLCg association can be bypassed by genetic means. Functional investigations using LAT/SLP-76 chimeras and tyrosine mutated LAT constructs have shown that these still support Ca 2+¯u x even in the absence of LAT-PLCg1 binding (Boerth et al., 2000; Zhang et al., 2000) .
The real function of LAT
The function of LAT as a transmembrane adapter is closely connected with signalling events in glycolipidenriched membrane domains (GEMs). Signalling through the T cell antigen receptor (Kabouridis et al., 1997; Montixi et al., 1998) as well as other immune receptors (Langlet et al., 2000) is believed to take place predominantly in GEMs. The constitutive enrichment of proteins, implicated in TCR signalling, such as Src kinases Lck and Fyn (Honda et al., 2000; Rodgers et al., 1994; van't Hof and Resh, 1999) , Tec kinases Itk and possibly Rlk (Debnath et al., 1999; Shan and Wange, 1999) , small GTP binding-proteins Ras and Raf-1 (Janes et al., 2000) , as well as the PLC and PI 3-kinase substrate phosphatidylinositol (4,5)-bisphosphate (PI4,5P 2 ) (Liu et al., 1998) , suggests an important role of these membrane microdomains in signal transduction. This concept was further supported by the ®nding of an additional recruitment of proteins to the GEM complex following TCR engagement (TCR complex itself, Gads/SLP-76, Grb2, Vav) and the selectively inhibitory eects of disruption of these microdomains on TCR signalling (Janes et al., 2000) . Because most of these inducible recruited signalling proteins lack any known membrane anchor sequences or modi®cations, which can mediate their association with membrane microdomains, speci®c GEM-associated adapter molecules must be involved in this process. Two such proteins have been identi®ed in T cells so far, PAG/Cbp and LAT, both of which are constitutively associated with GEMs (Brdicka et al., 2000; Kawabuchi et al., 2000; Lin et al., 1999; Zhang et al., 1998b) . PAG/Cbp is responsible for the recruitment of Csk thereby regulating the activity of Src kinases present in GEMs. LAT seems to be a central adapter recruiting TCR signalling events to GEMs and the presence of LAT in GEMs is critical for TCR signalling. Isolation of GEMs is based on the preservation of these membranes in the presence of non-ionic detergents (e.g. Triton X-100, Brij58). Nevertheless, the preservation of GEM-structure and the recovery of associated proteins are critically dependent on the type and concentration of the detergent used. However, the adapter LAT is constantly found in GEMs, indicating its close association with these membrane microdomains.
The palmitoylation on cysteines (Cys26 and Cys29) adjacent to the transmembrane region is responsible for targeting of LAT to GEMs (Lin et al., 1999; Zhang et al., 1998b) . Because this modi®cation is believed to be catalyzed by the membrane bound palmitoyl acyl transferase, initial membrane insertion of LAT by its transmembrane domain is necessary. Consequently, LAT deletion constructs without the transmembrane domain (Dtm) are not palmitoylated and present as soluble molecules in the cytosol (Torgersen et al., 2001; Zhang et al., 1998b) . Interestingly, the two cysteines have dierent roles in LAT targeting to GEMs. Mutation of Cys29 leads to a reduced palmitoylation but GEM localization is not critically altered. In contrast mutation of Cys26 completely prevents targeting of LAT to GEMs (Zhang et al., 1998b) .
Because of this high enrichment of LAT in GEMs, a number of functional investigations on the importance of this localization were undertaken. First of all it could be shown that tyrosine phosphorylation of LAT in response to T cell activation occurs predominantly in GEMs (Brdicka et al., 1998) . Although, a subfraction of LAT is always present in non-GEM regions of the cell membrane, which may consist of nonpalmitoylated forms, these LAT molecules become only minimally phosphorylated in response to TCR engagement. Thus, transmembrane but GEM-excluded forms of LAT (Cys26/29Ala or Cys26/29Ser) were not inducible tyrosine phosphorylated following TCR activation (Lin et al., 1999; Zhang et al., 1998b) . Coherent with the GEM localized LAT phosphorylation, the recruitment of PLCg1 and Grb2 to GEMs could be observed and interactions between these molecules and LAT seem to be restricted to these membrane microdomains (Zhang et al., 1998b) . As described earlier, LAT-de®cient cells show a complete block of TCR-induced Ca 2+ mobilization, MAPK activation and NF-AT activity, which can be rescued by the reintroduction of wt LAT or a Lck/LAT chimera, which is targeted to GEMs by the corresponding Lck sequence (Finco et al., 1998; Lin et al., 1999; Zhang et al., 1998a Zhang et al., , 1999a . Importantly, this rescue of TCR signalling could not be achieved by expression of Cys26/29Ser LAT (membrane localized but GEM excluded) and a transmembrane domain deleted form (Dtm) of LAT (cytosolic) showed dominant negative eects on TCR signalling (Lin et al., 1999; Torgersen et al., 2001) . Although both mutants failed to support TCR signalling, this seems to be due to dierent reasons. For the Cys26/29Ser LAT construct the missing inducible phosphorylation is the likely explanation for the functional de®ciency and it is tempting to speculate that this form might support TCR signalling to some extent if phosphorylated. In contrast, the cytosolic Dtm LAT form is tyrosine phosphorylated following TCR engagement and associates with Grb2 and PLCg1, indicating that the extracellular as well as the transmembrane domain are dispensable for these functions. The partial functionality of the Dtm LAT also causes dominant inhibitory eects on TCR signalling probably by sequestering interacting molecules in the cytosol (Torgersen et al., 2001) . These data indicate that GEM localization is not required for tyrosine phosphorylation or interaction with Grb2 and PLCg1. However, the functional uncoupling of TCR signalling by GEM excluded LAT forms clearly shows that the association of these signalling proteins with GEMs is absolutely required for functionality. This has been impressively demonstrated by investigations with LAT/ SLP-76 chimeric proteins. Because of the close functional relationship between LAT and SLP-76, the cytosolic adapter seems to be a main target for LATdependent GEM association. This is strongly con®rmed by the reconstitution of TCR signalling in LATde®cient Jurkat T cells by expression of a SLP-76 construct, which is constitutively associated with GEMs. GEM targeting was achieved by the fusion of SLP-76 to the carboxy-terminal region of LAT, consisting of the extracellular and transmembrane region including palmitoylation sites. Expression of this construct in LAT-de®cient Jurkat T cells rescued TCR-mediated MAPK activation and NF-AT promoter activity (Boerth et al., 2000) . Importantly, this construct also restored PLCg1 phosphorylation, which suggests an interaction of SLP-76 with PLCg1 independent of LAT. A direct interaction of SLP-76 with the SH3 domain of PLCg1 has recently been shown . It should be noted that this rescue could also be observed with a GEMexcluded LAT(Cys26/29Ser)/SLP-76 chimera, although with a marked reduction in eciency (Boerth et al., 2000) . This does not necessarily contradict investigations with GEM excluded LAT(Cys26/29Ser) (Lin et al., 1999; Zhang et al., 1998b) , because of the missing inducible phosphorylation of this LAT construct, which excludes further signalling. Also the overexpression of the LAT(Cys26/29Ser)/SLP-76 construct might create a sucient density of this signalling complex at the cell membrane, reducing the necessity of GEM association. This report shows that all tyrosines of LAT are dispensable for TCR signalling if SLP-76 ®nds its way to GEMs, and almost reduces the role of LAT to a GEM anchor for SLP-76 (Boerth et al., 2000) . However, whether this simpli®cation does justice to the real role of LAT in TCR is questionable. In particular, it does not address whether phosphorylation of the cytosolic tyrosines is required for more than recruitment of the SLP-76 complex, such as de®ning the optimal con®guration of the signalling complex or recruitment of other, unidenti®ed regulatory molecules.
The role of LAT in other cell types
Mast cells, natural killer cells and platelets have been shown to express LAT whereas the adapter is absent in B cells. Recent studies suggest that LAT plays similar role in response to the activation of ITAMcoupled receptors expressed on these cells. Stimulation of FcgRIII in human natural killer cells promotes downstream signalling events, which include Src kinases, Syk, SLP-76 as well as PLCg1 (Azzoni et al., 1992; Binstadt et al., 1998; Ting et al., 1992) . Furthermore, LAT is tyrosine phosphorylated upon stimulation of FcgRIII and participates in tyrosine phosphorylation of PLCg1 (Jevremovic et al., 1999) . A similar pathway has been found in mast cells following engagement of the high anity receptor for IgE (FceRI). Syk-mediated LAT phosphorylation leads under involvement of SLP-76 to the translocation and activation of PLCg1 and 2 (Kimura et al., 2001; Pivniouk et al., 1999; Saitoh et al., 2000) . These pathways result in a complex pattern of physiological responses, including granule release and transcription of cytokine and lymphokine genes (Benhamou et al., 1990) . Investigations with LATde®cient mice supported the central role of LAT in FceRI signalling. The absence of LAT caused a markedly decreased phosphorylation of SLP-76 and the two isoforms of PLCg. Accordingly, mast cell eector function, e.g. granules release and cytokine production, was markedly impaired in these mice (Saitoh et al., 2000) .
Despite the central role of LAT within signalling cascades of T cells, mast cells, NK cells and platelets, the phenotypes of the LAT-de®cient mice diers considerably between these cell types. LAT seems to be absolutely required for T cell function and development. Thus LAT-de®cient mice do not have mature T cells and show a nearly complete block of TCR downstream signalling. In contrast LAT does not appear to be required for development of mast cells, platelets (see below) and natural killer cells (Saitoh et al., 2000; Zhang et al., 1999b) . This dierence is likely to be related to the critical role played by TCR activation during T cell development, whereas signalling through ITAM-receptors is not thought to be of importance for formation of mast cells and platelets.
LAT in platelets
LAT is tyrosine phosphorylated following the stimulation of several platelet surface receptors. Activation of platelet G-protein coupled receptors for ADP and thrombin cause a weak LAT phosphorylation, but the signi®cance of the small phosphorylation for platelet aggregation induced by these agonists is unclear (Sarkar, 1998) . In contrast, LAT is heavily tyrosine phosphorylated in response to cross linking of FcgRIIA and the collagen receptor glycoprotein VI (GPVI) (Gibbins et al., 1998; Pasquet et al., 1999; Robinson et al., 1996) . The immunglobulin receptor GPVI is associated with the Fc receptor g-chain and believed to be the major receptor mediating platelet activation in response to collagen Tsuji et al., 1997) . Cross-linking of GPVI by collagen, the collagen related peptide (CRP) or the rattlesnake toxin convulxin induces tyrosine phosphorylation of the ITAM motif in the cytoplasmic tail of the FcR g-chain by the Src kinases Lyn and Fyn followed by recruitment of the tyrosine kinase Syk. Components of GPVI downstream signalling appear to be a hybrid of those used by the TCR and B cell antigen receptor (BCR), but the central part of the cascade is mediated, as in T cells, by the adapters LAT, Gads and SLP-76 (Asazuma et al., 2000) . The LAT-Gads-SLP-76 complex promotes phosphorylation and translocation of PLCg2, a major eector of platelet activation by collagen. In platelets, LAT becomes phosphorylated downstream of tyrosine kinase Syk. Once phosphorylated, LAT associates with a number of proteins including p85 subunit of PI 3-Kinase, Grb2, Gads, PLCg2, Slp-76 and Cbl (Asazuma et al., 2000; Gibbins et al., 1998; Pasquet et al., 1999) . This spectrum of proteins assembles a similar situation to those observed in the signalling complex of T cells (Zhang et al., 1998a) . The importance of LAT for platelet activation by GPVI has been shown using platelets from mice de®cient in the adapter protein. These platelets showed a substantially reduced phosphorylation of PLCg2 associated with a marked inhibition of phosphatidic acid formation and PKC activity in response to CRP (Pasquet et al., 1999) . Thus, LAT has a major role for tyrosine phosphorylation and activation of PLCg2 and associated downstream events in platelets. Glycolipid-enriched membrane domains are also present in the plasma membranes of platelets (Dorahy et al., 1996) . Thus, it is tempting to speculate that LAT has a similar role in recruitment of signalling molecules to platelet GEMs. Indeed, platelet GEMs are highly enriched in the adapter LAT and phosphorylation events following GPVI engagement seems to be critically dependent on GEM-organized signalling (Wonerow and Watson, unpublished data).
However, despite the similarity of LAT function in T cells and platelets, investigations of LAT-de®cient platelets also revealed important dierences between both systems. Tyrosine phosphorylation of SLP-76 was only slightly reduced in LAT-de®cient mouse platelets (Pasquet et al., 1999) , while it was markedly reduced in LAT-de®cient Jurkat T cells (Zhang et al., 1999a) and LAT-de®cient mast cells (Saitoh et al., 2000) . This suggest that tyrosine phosphorylation of SLP-76 is regulated downstream of LAT in T cells, but that it is primarily regulated independent of this pathway in platelets. It should be borne in mind however that observations on Jurkat cells should ultimately be con®rmed on T cells, especially in situations where the cause of the genetic defect (in this case a marked reduction in the level of LAT) is not known. In contrast LAT phosphorylation was not in¯uenced by SLP-76 de®ciency in T cells and platelets (Pasquet et al., 1999; Yablonski et al., 1998b) .
A second major dierence relates to the requirement for LAT in the major functional response in platelets upon activation of the collagen receptor GPVI, namely activation of GPIIb-IIIa, which is essential for platelet aggregation. Whilst in T cells, LAT is absolutely required for functional events such as IL-2 expression, activation of GPIIb-IIIa by the GPVI speci®c agonist CRP is only inhibited by approximately 50%, despite a greater than 90% reduction in PLCg2 activation and Pselectin expression in LAT-de®cient platelets. This dierential eect is thought to re¯ect the fact that aggregation requires a much weaker signal (and thereby receptor occupancy) for a maximal response (Pasquet et al., 1999) . In addition, aggregation may also be regulated through LAT-independent pathways, probably including PI 3-kinase. Furthermore, despite the inhibited platelet aggregation in response to GPVI in LAT-de®cient mice, it is important to note, that this mice have a normal platelet count and no bleeding phenotype unlike the SLP-76
or Syk 7/7 mice (Clements et al., 1999; Poole et al., 1997) .
LAT like molecules in B cells
The described dierences in the severity of LAT de®ciency between dierent cell types, the incomplete inhibition of LAT-dependent pathways as well as the LAT-independent signalling of the BCR indicate the existence of alternate pathways and the involvement of adapter molecules which can bypass LAT function. Although the pathways of TCR-and BCR-mediated activation of PLCg1 or 2 are very similar, BCR signalling is characterized by two important dierences. Firstly by the aforementioned lack of the transmembrane adapter LAT in B cells and secondly by the expression of the B cell linker protein (BLNK) instead of SLP-76. BLNK is structurally and functionally similar to SLP-76 (Fu et al., 1998; Goitsuka et al., 1998; Wienands et al., 1998) . However, BLNK associates with proteins that interact directly with both, LAT and SLP-76 in T cells, including PLCg isoforms, Tec kinases (Btk), Nck, Vav, and Grb2 (Fu et al., 1998; Hashimoto et al., 1999; Wienands et al., 1998) . Furthermore, BLNK supports the recruitment of these proteins to GEMs, suggesting a similar role to the LAT-Gads-SLP-76 complex in T cells. Thus, for the rescue of BCR function in BLNK-de®cient B cells the expression of LAT, Gads (or high levels of Grb2) and SLP-76 is required. Moreover, similar to the situation in T cells, BCR function is also rescued by the expression of a GEM-associated SLP-76 chimera alone Wong et al., 2000) . Therefore, BLNK possesses a number of functions in common with the LAT-Gads-SLP-76 complex in T cells. However, BLNK does not possess an accepted GEM targeting motif suggesting that B cells may express a LAT-related molecule which binds BLNK and is responsible for the recruitment of BLNK and its associated proteins to GEMs. Alternatively, the association of BLNK with PH domain containing proteins such as Btk and PLCg2 might support recruitment to GEMs. Several B cell speci®c adapters have been shown to in¯uence BCR signalling and their collective function might compensate for the lack of LAT. CD19, a BCR-associated transmembrane linker protein, is phosphorylated upon activation and provides binding sites for p85 subunit of PI 3-kinase and Vav (Kelly and Chan, 2000) . Also the recently identi®ed adapter BCAP (B cell adaptor for PI 3-kinase) associates with p85 subunit of PI 3-kinase. Moreover, a subpopulation of BCAP seems to be constitutively associated with GEMs and BCAP is required for recruitment of PI 3-kinase to GEMs . Thus, both adapters facilitate the production of PI3,4,5P 3 in the GEM fraction and thereby support the recruitment of PH domain containing proteins.
The study of signalling by the BCR clearly shows the presence of LAT-independent pathways of PLCg regulation and raises the possibility that these might co-exist with LAT in other cell types. Interestingly, BLNK and SLP-76 are both expressed by murine macrophages and coupled to FcgR signalling (Bonilla et al., 2000) .
Conclusions
Within the last years it has been realized that adapter proteins are important organizers of signal cascades. They function by mediating protein ± protein and protein ± lipid interactions thereby recruiting proteins to specialized regions of the cell. Because one adapter can occupy a proximal position within signalling pathways it is responsible for the regulation of several downstream events. However, the lack of enzymatic activity could make them replaceable if alternate pathways for the activation of the corresponding eectors are available or if the signalling complex can function in a less ecient manner in the absence of the adapter. All these features can be found in the transmembrane adapter LAT. Its principal role is the organization of a signalling complex in GEMs. In agreement with its central role in TCR signalling, LAT-de®ciency results in severe block of the majority of TCR-activated downstream events. However, despite the high similarity in TCR-, BCR-, GPVI-or FceRI-mediated pathways, the importance of LAT for the functional outcome varies considerably between these cell types, suggesting diering dependencies on the signal strength of LAT regulated pathways and/or the presence of further LAT-like molecules.
